INTRODUCTION
Leaf area index (LAI, projected leaf area per unit ground area) is an important structural property of forests. Because leaf surfaces are the primary sites of energy and mass exchange, important processes such as canopy interception, transpiration, and net photosynthesis are directly proportional to LAI. McNaughton and Jarvis (1983) demonstrated that LAI is important in determining canopy-scale estimates of evapotranspiration. Grier and Running (1977) and Gholz (1982) related LAI to the site water balance of mature coniferous forest communities in western Oregon (R2 = 0.95-0.99). Functional relationships also exist between LAI and net primary production (R2 0.96; Gholz 1982) and stemwood production (R2 2 0.96; Schroeder et al. 1982) of temperate coniferous forests. McLeod and Running (1988) correlated LAI to volume growth (R2 = 0.93) of ponderosa pine (Pinus ponderosa) stands in western Montana. Several recent reports (Wittwer 1983 , Botkin 1986 ) have identified LAI as the single most important variable for characterizing vegetation energy and mass exchange for global scale research. Marshall and Waring (1986) compared four methods of determining leaf area index for conifer stands. They found that stand LAI was best estimated using either:
(1) litterfall, (2) allometric equations relating sapwood basal area to leaf area, or (3) measurements of canopy transmittance. Litterfall techniques, however, require measurement of foliage turnover rates, which are highly variable and assume that the stand has reached equilibrium leaf area.
I Manuscript received 4 January 1988; revised and accepted 30 April 1988. Strong relationships have been shown between LAI and sapwood basal area (Snell and Brown 1978 , Marshall and Waring 1986 , Hungerford 1987 , McLeod and Running 1988 . However, Hungerford (1987) also showed that sapwood area: leaf area ratios change with geographic location and stand density, which implies that allometric relations may not necessarily be universally applied. These allometric equations are difficult and time consuming to build in new regions because of the destructive sampling and measurement required.
Sampling of canopy transmittance to estimate LAI is an alternative to litterfall and sapwood area: leaf area allometric relations. Lang (1987) found that measurements of canopy transmittance provided a practical method for determining LAI of Monterey pine (Pinus radiata) stands. When canopy transmittance is integrated throughout a 24-h period, estimates of standlevel LAI can be obtained using relatively few point measurements. Estimates of canopy transmittance can be improved through the use of mobile sensors (Pech 1986 ). However, current instruments and techniques do not provide timely or cost-effective ways to obtain this information over larger areas associated with the minimum resolution of some satellite imagery, as large as 1 km2. A technique is required that would allow for rapid estimation of LAI at the stand level so that a large number of stand-level estimates of LAI could be collected in a relatively short time.
The "Sunfleck Ceptometer" (model SF-80, Decagon Devices, Incorporated), is a hand-held device designed to measure instantaneous fluxes of photosynthetically active radiation (PAR, 400-700 nm) quickly and easily. The ceptometer has 80 light sensors placed at 1-cm intervals along a linear 80-cm wand, attached to a bat- Stand Dominant species X(SD) X(SD) X(SD) reference* Ninemile Pinus ponderosa 30.3 (11.4) 720 (392) 1.7 (0.5) 1 Plains P. ponderosa 42.5 (4.6) 900 (418) 2.4 (0.2) 1 Sorrel P. ponderosa 49.4 (5.9) 570 (141) 2.6 (0.4) 1 Noxon P. ponderosa 50.0 (6.0) 450 (103) 3.3 (0.6) 1 Lubrecht P. contorta 51.4 (8.4) 4140 (1892) 4.0 (0.5) 2 Rainy Lake Picea engelmannii 34.1 (10.1) 480 (311) 4.1 (1.6) 3 Yew Creek Abies grandis 49.6 (7.9) 1010 (636) 5.3 (1.2) 4 * 1: McLeod and Running 1988; 2: Hungerford 1987; 3: Waring et al. 1982; 4: Snell and Brown 1978. tery-powered digital data logger. A microprocessor scans the 80 light sensors on demand and calculates the arithmetic average (Decagon Devices 1987) . This value can then be stored in the device memory or several more measurements can be taken prior to calculating an average for a given sample point, allowing the user to move rapidly through a stand while collecting a large number of point samples.
Three basic objectives were defined for this study; and third, to determine the extent to which this technique is limited by sampling error.
METHODS
LAI was measured on seven conifer stands in western Montana by converting measurements of sapwood basal area to projected LAI using allometric-based prediction equations (Table 1) . Projected leaf area is defined as the "receiving area for beam radiation with the sun at zenith" (Lee 1978) . Stands of 1 ha in size were chosen to cover the range of LAI typical of healthy stands in western Montana as well as to test the technique under a variety of stand structures and species compositions.
McLeod and , using destructive sampling techniques, developed sapwood area: leaf area allometric equations for the stands at Sorrel, Plains, and Noxon (Table 1) . In each stand, six 40 m2 fixedsize plots were established and species, height, and diameter at 1.37 m above ground were recorded for each tree within the plot. Bark and sapwood thickness were averaged from two increment cores also taken from each tree at 1.37 m above ground. Sapwood basal area was calculated by subtracting the heartwood basal area from total inside-the-bark basal area. Plot LAI was then determined by applying the prediction equation to each tree (Table 1) , summing the individual tree leaf areas, and dividing by the area of the plot.
Stand LAI is based on an arithmetic average of these six plots.
The LAI of Ninemile, Lubrecht, Rainy Lake, and Yew Creek stands was determined by measurement of sapwood basal area of individual trees within five variable-radius plots randomly located in each stand. In order to determine if fixed-size plots produced different estimates of plot LAI than did variable-radius plots, 20 separate plots with identical center points were measured using both techniques. A paired difference t test conducted on the plot means yielded no significant difference between the two techniques (P = .05). Sapwood and bark thickness at 1.37 m above the ground was measured with an increment core taken from the side of the tree facing the plot center (Marshall and Waring 1986 ). Species and tree diameter were also recorded. Sapwood area was again determined by subtracting the bark and heartwood area from the tree basal area. Plot LAI was calculated as above, and stand LAI is the arithmetic average of the five variable-radius plots.
Canopy transmittance of each stand was sampled using the sunfleck ceptometer on seven cloudless days between 9 and 22 September 1987 at 1200 and 1400 local solar time. The two measurement times provided two different sun angles under which to test this technique. Transmittance under the canopy was sampled along a systematically gridded transect whose starting point was randomly located. Each transect contained 60 sample stops, spaced 6 m apart. Stops were located by pacing the required distance along the transect. At each stop, 20 measurements of PAR were taken while holding the ceptometer level (? 2?) in outstretched arms and turning a 3600 circle in 150 increments. The 20 measurements were then averaged and stored in memory. The effective sample area at each stop using this technique is -9 M2, represented by 1600 point measurements of PAR, and was sampled in < 30 s. The total transect took <45 min to complete, yet represents 96 000 point samples of incoming PAR per stand. Total incoming PAR was measured, as a minimum, at the beginning and end of each transect in a nearby clearcut or road. Additional measurements of total incoming PAR were made during sampling where permitted by large (>250 M2) canopy openings. In all cases, diffuse PAR was -7-100% of total PAR. Data were downloaded from the ceptometer to an The Beer-Lambert Law assumes that leaf inclination angles are spherically and randomly distributed and that the foliage is distributed randomly in space (Jarvis and Leverenz 1983) . These assumptions imply that leaf area index normal to a beam of radiation is independent of the angle at which the radiation strikes the canopy (Landsberg 1986 ). Norman and Jarvis (1975) showed that even in canopies with a nonrandom distribution of foliage, such as Sitka spruce (Picea sitchensis), the assumption of random leaf distribution did not produce large errors in the estimate of LAI. Caldwell et al. (1986) found that a model which accounts for nonrandom azimuth foliage distribution in Quercus coccifera did not significantly improve estimates of intercepted PAR over a model which assumes a random azimuth foliage distribution.
To determine how LAI and stand structure affect the accuracy ofthis technique, we calculated the estimation error (e) as a proportion of LAI using Eq. 2:
where n = number of samples, t = t value given n and a confidence level of 95%, and cv = coefficient of vari- 
RESULTS AND DISCUSSION
To test our assumption of K = 0.52, we inverted Eq.
1 and calculated the extinction coefficients for each stand given measured LAI and transmittance at 1200 and 1400 ( To test the assumption that LAI normal to a beam of radiation is independent of sun angle, we performed a paired difference t test between the seven extinction coefficients calculated at 1200 and the seven calculated at 1400. This test showed (t statistic = 0.721) that there is no significant difference between the 1200 and 1400 extinction coefficients (P = .05). In addition, a regression analysis between the change in extinction coefficient and the change in effective incidence angle was nonsignificant. These results support our assumption that extinction coefficients and canopy transmittance are independent of effective incidence angle for the range of sun angles and stand structures we tested.
Measured canopy transmittance at 1200 and 1400 was plotted against measured LAI for each stand ( To determine if the measurements of transmittance obtained using the ceptometer could be used to predict LAI, we regressed measured LAI against LAI predicted using the Beer-Lambert Law given measured transmittance andK = 0.52 (Fig. 2) . The error bars with each point in Fig. 2 (Running et al. 1986 , Peterson et al. 1987 , Running and Nemani 1988 . Byrne et al. (1986) showed that estimates of forest productivity could be derived from the product of intercepted solar radiation integrated over time and an energy conversion efficiency term (mass/energy). The ceptometer could be used to provide measurements of intercepted solar radiation for this simple estimate of primary productivity.
